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1. INTRODUCTION

This paper primarily deals with an overview of global-local stress analysis
methods and associated difficulties and recommendations for future research. The
phrase global-local analysis is understood to be an analysis in which some parts of
the domain or structure are identified, for reasons of accurate determination of
stresses and displacements or for more refined analysis than in the remaining parts.
The parts of refined analysis are termed local and the remaining parts are called
global. Typically local regions are small in size compared to global regions, while
the computational effort can be larger in local regions than in global regions.

2. CONTENTS
This paper is divided into the following parts:
« Motivation-Problems (problems that motivated global-local analysis)
o Common Features
« Focus Problem
o Analysis Methods
« Global-Local Approaches

. Example Problem

o {Conclusions and Recommendations

3. MOTIVATION PROBLEMS

The following stress analysis problems, among many others, motivate us to use
global-local aproaches:

+ Free-Edge Stress Concentration in Laminates
« Contact Stress Problems

. Impact

« Fracture Mechanics

« Unbounded-Domain Problems

123
PRECEDING PAGE BLANK NOT FILMED



Almost all laminated composite structural elements have free edges at the
boundaries (including holes) of the elements. It is well known that the transverse
normal and shear stresses are very large at the edges (more precisely, the stresses
are large within a distance of the order of thickness of the laminate from the free
edge). While the classical laminate theory is adequate to describe the behavior of
the laminate everywhere except in the "boundary layer" in which the transverse normal
and shear stresses are large, a refined theory, often the 3-D elasticity theory, is
needed to describe the state of stress near the edges.

Contact stress problems (for example, bolted and bonded joints, tire contact,
and metal-forming problems) require the use of a special theory that accounts for
appropriate constitutive laws and friction and allows for slip, slide, and separation
of the mating parts in the contact regions. Elsewhere, appropriate elasticity theory
can be used.

Impact of two solid bodies can be modelled by the use of one theory in the
vicinity of contact and by another theory elsewhere. Since the stresses are much
larger in the contact region than elsewhere, more refined theory and analysis are
required in contact regions. Of course, the theory and analysis used depend on the
type of structure, loading and deformation.

Structures containing cracks, whether formed during manufacturing or service,

require special treatment of stress fields around cracks, often using 3-D stress
analyses and/or nonlinear fracture mechanics theories, while the Tinear elastic

fracture mechanics theory is adequate away from the cracks.

Problems involving unbounded regions (for example, soil mechanics and earthquake
engineering) are by their nature divided into local and global regions. Global
regions, in theory, can be infinite but in practice they are finitely large, and less
refined theory and/or analysis is used to determine the stress field and other
pertinent information.

4. COMMON FEATURES

The motivating problems listed previously share certain common physical features
that are significant from the modelling and analysis points of view. The following
1ist provides some of these features:

« Stress Concentration (large Tocal gradients)

« Three-Dimensional State of Stress

. Large Rotations/Strains

. Local Discontinuities (holes, discontinuous fibers, etc.)

. Material Nonlinearities (nonlinear elasticity, plasticity, etc.)

A global-local stress analysis should account for all features that are present
in the problem. Of course, some of those features are not to be included in the

global model.
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5. FOCUS PROBLEM

The focus problem identified by NASA Langley Research Center is a blade-
stiffened panel with a discontinuous stiffener. The problem has the following
physical features:

o Geometric Discontinuities
« Local Stress Gradients

o Eccentric Loading

« Large Displacements

« Free Edges

We shall return to this problem later to discuss the global-local analysis
approach.

6. ANALYSIS METHODS

6.1 COMMON APPROACHES

The commonly used analysis methods for structural problems are
o Classical (or Analytical) Methods
« Classical Variational Methods
« Finite-Difference Method
o Finite-Element Method

- Boundary Element Method

Some noted advantages and disadvantages of these methods are outlined next.

6.2 CLASSICAL AND VARIATIONAL METHODS

The classical method of solving problems exactly is the best there is. However,
most practical problems (which have irregular geometries, anisotropic materials, dis-
continuities, geometric and/or material nonlinearities, etc.) do not admit exact

solutions by the classical approach.

The classical variational (e.g., Ritz, Galerkin and weighted-residual) methods
yield continuous solutions throughout the domain, giving high resolution of displace-
ments and stresses. They are computationally efficient for a given problem. For a
given order of approximation, previously computed (for lower order approximation)
matrix coefficients can be used. These methods, however, have two major short-
comings: (i) the approximation functions are not easy and are often impossible to
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construct for most practical structural problems; and (ii) the variational methods
cannot be implemented on a computer for the analysis of a class of problems because
the resulting algebraic equations depend on the approximation functions, which in

turn depend on a specific problem.

6.3 FINITE-DIFFERENCE METHOD (FDM)

The finite difference method is simple in formulation (based on the representa-
tion of derivatives of a function in terms of a finite Taylor's series expansion) and
easy to implement on the computer. The method dominated the field of numerical
methods until the sixties, when the finite-element method gained popularity, espe-
cially in solid and structural mechanics. The disadvantages of the finite-difference
method include: difficulty in representing complex geometries, inexact representation
of boundary conditions on non-straight boundaries, and difficulty in developing
higher-order approximations. Because of these difficulties the method does not lend
itself for general-purpose code development. The method is seldom used for spatial
approximations in structural mechanics problems.

6.4 FINITE-ELEMENT METHOD

The finite-element method overcomes the shortcomings of the classical varia-
tional methods. This approach is systematic (modular) and natural and allows an
accurate representation of complex geometries. Higher-order approximations are easy
to use without changing the modular structure of the approach. The method is ideally
suited for general purpose and computer program development. The disadvantages,
compared to other computing methods, are the large formulative and computational
efforts. The finite-element method is the most frequently used numerical method in
structural analysis. It is now a key component of any mechanical CAD/CAM system.

6.5 BOUNDARY ELEMENT METHOD (BEM)

The finite-difference and finite-element methods can be classified as domain
methods because they involve approximations of the entire domain. The boundary
element method, also known as the boundary integral method (BIE), seeks approxima-
tions only on the boundary of the domain by converting the governing differential
equations to integrals over the boundary of the domain. The dimensionality of the
problem is thereby effectively reduced by one. Because the interior of the domain is

not approximated, the computational time involved is less (BEM/FEM ~-%, where nxn is

the finite-element mesh). The BEM offers continuous interior modelling within the
solution domain, giving high resolution of displacements and stresses. The method is
unsuitable for problems requiring information at a large number of internal points.
Application of BEM to nonlinear problems and problems with discontinuities is not

fully established.
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6.6 CONCLUSIONS

In conclusion, the general application of the finite-element method to struc-
tural problems is unmatched to date. Structural problems, because of the modular
nature of FEM, are better modelled by FEM. A suitable combination of FEM and BEM can
be advantageous in some problems (e.g., unbounded-domain problems).

7. GLOBAL-LOCAL APPROACHES

7.1 MODELS AND METHODS

In formulating a given problem, either the same theory is used throughout or a
refined theory is used locally and a less refined theory globally.

The global-local analysis methods can be FEM throughout, FEM and classical
solution, or BEM and FEM. When the same theory and FEM are used throughout, it is
understood that locally special elements are used (e.g., friction element, interface
element with sliding, or elements which allow opening and closing along element
interfaces). Classical solutions are available, for example, for infinite plates
with holes. The solution is not valid far away from the hole if the plate is long
but not infinite. In such cases, the FEM can be used globally and the classical
solution can be used locally. For soil mechanics and earthquake engineering prob-
lems, a combination of BEM and FEM proves computationally efficient. In some situa-
tions experimental methods globally and computational methods locally are
recommended.

7.2 SOME EXAMPLES

Some example problems that require global-local analysis are listed here.
o Free-edge stress analysis of laminates

+ Contact stress problems

« Stress analysis of structures with discontinuities

o A blade-stiffened panel with a discontinuous stiffener - the focus
problem

As mentioned earlier, free-edge stress problem requires a refined theory near
free edges. For example, the classical laminate theory globally and -either quasi-3D
or full 3-D theory locally (depending on the lamination scheme, geometry and loading)
can be used to analyze the problem. The problem will be discussed in more detail

later.

In bolted joint problems, an experimental technique such as the Moire
interferometry can be used to determine the surface displacements (and hence strains
and stresses) and the finite-element method can be used to determine the interior
displacement and stress fields.
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In the stress analysis of plates with holes, one can use a laminate theory away
from holes and 3-D elasticity theory around the hole, and use the finite-element
method to model the entire problem.

In the case of the focus problem, which has all features that are present in the
examples discussed above, the global theory should be a shear deformation plate
theory (2D) with the Von Karmen geometric non-linearity and the local theory can be
the fully 3D laminate theory. The finite-element method should be used throughout.
When FEM is used locally, the fully 3D elements or 3D degenerate elements can be
used.

7.3 DIFFICULTIES

In using global-local approaches, we face some difficulties. Some of these are
. Interfacing between regions
. Interfacing between methods
« Selection of regions

« Changing regions and interfaces

When the finite-element method is used, the elements used globally and locally
can be different. Then it is important to have compatibility of the nodal degrees of
freedom at the interface of the elements. A special interface element might be
needed in some situations. When two different methods are used, the unknowns in the
two methods should be the same. Selection of the local and global regions depends on
the physical features and accuracy desired. In some cases, the regions might have to
be determined only after a preliminary analysis. The global and local regions can
change during the history of deformation/ loading. For example, in elastic-plastic
analysis, the plastic zones are unknown a priori and they change with loading.

8. EXAMPLE PROBLEM

Here we briefly discuss the free-edge stress problem in symmetric laminates.
Figure 1 shows the laminate geometry, loading, and the domain modelled. Because of
the assumed symmetry of the lamination about the midplane and the constant straining
along the x-axis, the displacement field can be approximated (ref. 1) as

u=Ux+ Uly,z)

Viy,z)
Wly,z)

v

w

where U0 is a constant, K.
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The displacement field is three dimensional but it leads, when substituted into
- the Navier equations of equilibrium, to three partial differential equations in two
independent variables, y and z.

It is well known that the transverse normal stress, o,, is very large (un-
bounded) near the free edge. To reduce its magnitude a cap is used on the free
edge. The effect of the cap on the stress distribution o, is investigated. The
finite-element method with the four-node bilinear rectangular element is used to
model the computational domain. A refined mesh is used near the free edge and in the
cap.

Figures 2 and 3 show the distribution of the transverse normal stress ¢, along
the width of the laminate for [0°/90°]¢ and [45°/-45°]¢ Taminates, respectively,

(El 137.89 GPa, Ep = E3 = 14.48 GPa, Gyp = Gy3 = Gp3 = 5.86 GPa,
vi2 = vi3 = w3 = 0.21). Results for both capped and uncapped Taminates are

presented (for k = 0.001, b = 25.4 cm, h = 2.54 cm and thickness of the cap,

t = 0.08 cm). We observe that the stress is essentially zero inside the laminate but
has quite a large magnitude within a distance of y/b = 0.1 (one-tenth of the width)
from the free edge. Hence a Taminate theory is sufficient to model the interior,
while the quasi-3D can be used to model the free-edge stress field. The effect of
the free-edge reinforcement (i.e., cap) on the stress magnitude is significant; the
magnitude is reduced to less than one-third of that without cap.

For a more detailed and complete stress distribution near the free edge of a
more general laminate (e.g., without symmetry about the midplane), a three-
dimensional model is needed.

9. CONCLUSIONS AND RECOMMENDATIONS

9.1 AREAS NEEDING SUPPORT

A review of the literature shows there are very few cases of global-local

analyses of structural problems involving the "physical features" discussed earlier.
It is recommended that the following areas of global-local approaches be
investigated:

+ Global-local analysis of problems with "common features" outlined
earlier

+ Investigation and development of interface elements

o Feasibility of BEM as a computational tool for nonlinear problems and
its interface with FEM

+ Development of adaptive mesh refinements and time-stepping algorithms

« Exploitation of the vector and parallel processor computers for
efficient structural analysis
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« Finite-element calculations
« Solution of equations

« Eigenvalue computations

The use of parallel processors can dictate the solution procedures, for
example, iterative methods over one-step methods.

9.2 NASA'S INVOLVEMENT

NASA (CSM) should be involved in the global-local analysis development because
of the tremendous impact this field has on computational mechanics applied to space
structures. In particular, NASA should undertake the following tasks in the global-

local analysis area:
« Support individual grants (as opposed to large group grants)

+ Collaborate with university faculty and graduate students by identifying
specific problem areas and providing computational time and scientific
advice

+ Give graduate student residentships, during which students spend a few
weeks (perhaps the summers) at NASA

+ Conduct workshops (say, once in two years) to bring the latest
developments for critical evaluation and to set future directions.
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Figure 1. Laminate geometry and loading (cap is not shown).
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Figure 2. Distribution of the transverse normal
stress along the width of a cross-ply laminate
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